extremely fast escape response, also known as the faststart response, is essential to the survival of the animal. As reproducible as the behavior is, it is also modifiable. 
focused and maintained at highest intensity on the center of a labeled cell. This led to an immediately noticeable rons in the Mauthner array. Toward this end, we developed a noninvasive approach for killing single cells that decrease in fluorescence of the cell that was likely due to bleaching of the indicator. A day later, the fluorescent takes advantage of the relative phototoxicity of the dyes we use for calcium imaging. The targets we chose for cell body was no longer evident in confocal images, suggesting cell death. ablation were the Mauthner cell alone and the entire array, as these sets represent the extremes of activity In the current work, a major concern was to identify an accessible and reliable indicator that a cell was indeed patterns observed in the imaging studies. Based upon the functional imaging work, our predictions were that successfully killed by this illumination. Because larval zebrafish are transparent, we can view the effects of killing all three cells in the Mauthner array would remove the ability of the fish to produce high-performance esthe photoablation directly in confocal optical sections. The most dramatic examples of the effectiveness of cape turns to both head and tail stimuli, whereas ablating just the Mauthner cell would have a greater effect on the approach were seen in lesions of the Mauthner cell (Figures 1A and 1B) because its large axon was easily turns in response to tail-directed than to head-directed stimuli. The results from killing all three cells in the array identifiable, even without the cell body. In these cases, optical sections 24 hr after ablations revealed a swollen, matched our predictions. The Mauthner lesions, while partially supporting our predictions, produced unextruncated axon stump of the Mauthner cell leading toward the original position of the soma ( Figure 1B ). Surpected results that allow us to resolve paradoxical observations from previous studies. Our results provide vival of the Mauthner axon after somatic lesions has been reported before (Eaton et al., 1982; DiDomenico et direct support for the idea that repeated hindbrain neurons form functionally related groups.
al., 1988). We found that a swollen, abruptly terminating Mauthner axon stump was always associated with the loss of a fluorescent soma. In about 25% of the ablation Results attempts, the Mauthner cell body was fluorescent after 24 hr, with an intensity that was higher than that immediSpecificity and Effectiveness of Lesions The indicator dyes typically used for visualizing cell acately after the attempted ablation. In these cases, the axons of the cells always looked normal and the ablativity have adverse affects on the cells when exposed to intense light. We observed such effects in our previous tions were obviously unsuccessful. We suspect that the Frames start when the water pulse contacts the head of the fish. For each trial, a single asterisk marks the initiation of response. The initial movement is difficult to detect in the side-by-side view of the frames shown here but is evident when observed in video clips and on plots of angular velocity. A double asterisk marks the frame of the maximal bend. Note that the response initiated from the lesioned side does not begin until the response from the intact side is complete. The time from the start of the bend to the maximal bending is longer on the lesioned side. Images were collected at 1,000 frames/s, and every third frame is shown (3 ms between frames).
fluorescence intensity recovered because dye that was the latter. Cells were targeted with the confocal laser until Texas red fluorescence was reduced to backbleached out of the soma during the attempt to ablate the cell was replaced by dye from the intact axon. The ground levels. While these cells were still visible with CGD shortly following the exposure, they were no longer one-to-one correlation between swollen axon stumps and loss of fluorescence in the soma supports the convisible with either dye after 24 hr and beyond. Cells not subjected to intense illumination remain fluorescent for clusion that the loss of fluorescence (after 24 hr) is due to somatic death.
weeks. These results suggest that the absence of fluorescence is not due simply to photobleaching but to cell This conclusion is also supported by experiments in which we viewed cells under differential interference death. Thus, morphological evidence of degeneration in fluorescence and DIC as well as double-labeling excontrast (DIC) optics shortly after exposure to the laser. Targeted cells showed clear indicators of necrosis-the periments all indicate that the loss of fluorescence after 24 hr is a reliable indicator of cell death. formation of large vacuoles and a more pronounced outline as the cell membrane begins to pull away from The amount of illumination time required to kill a cell varied with cell size and location. The relatively small its neighbors. These effects were always associated with a loss of fluorescence the next day, again supportand exposed motoneurons in the spinal cord ( Figures  1C and 1D we call scoots, and turns toward the stimulus-were not included in the data set. A more detailed account of the basis for excluding them is presented in the Experimental Procedures. A brief account of the experimental design ( Figure  2A ) is presented here to aid in the interpretation of the results. Larval fish were injected with CGD, and the cell labeling was verified by confocal microscopy. The day after the labeling injection, prelesion behavioral trials were collected at 1000 frames/s for each fish for detailed kinematic analysis (Figure 3) . The stimulus was delivered to one of four quadrants on successive trials-left head, right head, left tail, or right tail (Figure 2A ). The next day, the targeted neurons-either the Mauthner cell alone or all three array cells-were lesioned on one side of the fish. Postlesion behavioral trials were then collected the day after the lesions in the same manner as described for prelesion trials ( Figure 2B ). Lastly, the animals were remounted and examined under the confocal, in order to directly verify that the lesioned cells were missing in optical sections of the hindbrain.
A couple of aspects of this approach might lead to behavioral deficits not specific to the lesions. First, the injection of dye to fill the cells for ablation could result in changes in performance. It might, for example, introduce small asymmetries between the two sides not present in uninjected fish. Second, manipulations of the fish, particularly the embedding in agar, were physically demanding to the delicate larval zebrafish and might also result in nonspecific changes in performance. There- 
Prelesion Differences in Escapes to Head and Tail Stimuli
water as our stimulus because repeated taps on the head of the fish were detrimental to the animal's escape Prior to lesions, the escapes produced by water pulses directed at the head differed from those in response to performance. tail stimuli. Head escapes were faster and larger, and they had a shorter latency and a longer duration (Table
Effects of Lesions on Response Latency
The lesions had the most dramatic effects on the latency 1) than tail escapes. The differences in angular velocity and angle turned were statistically significant (p Ͻ 0.05), to respond to the stimulus. In the prelesion trials, the average latency for head-directed stimuli was 3.4 ms; and the duration and latency differences were nearly so. In pilot experiments, more robust differences between that for tail-directed stimuli was 7.0 ms. In animals in which all three homologs were killed, the latency to head and tail escapes were seen in response to taps on the head versus tail from a piezoelectrically driven respond to head-directed stimuli on the lesioned side increased 10-fold, from an average of 3-4 ms before glass probe. The water pulses are a weaker and probably less directional stimulus than taps, but we chose to use lesion to over 40 ms afterward, with little change on the unlesioned side (Figure 4 , top; Table 1 ). There was also a very significant asymmetry between the two sides after the lesion. A similarly dramatic increase and asymmetry in latency was seen for tail responses after array lesions (Figure 4 , top; Table 1 ). Figure 2B shows frames taken from two successive behavioral trials of an array-lesioned fish. In the first trial, the stimulus was delivered to the intact side; in the second, to the lesioned side. Frames were collected at 1 ms increments, but only every third frame from the collected sequence is shown (3 ms between frames). An asterisk denotes the initiation of response. Note that the response on the lesioned side did not begin until frame 12 (33 ms). By this time on the intact side, the fish was well into its fourth bend and far from the stimulus site. The lesion effect on latency was also seen in the quantitation of movement in these trials (Figure 3) . These array-lesioned fish can still turn away from the squirt, but typically do not even begin to do so until after a normal escape response would be complete. Thus, both the short-latency initial turn and the counter turn of the escape are missing in the lesioned fish. Since the ablated cells are thought to generate the initial turn, the absence of a counter turn suggests that its production is contingent upon the preceding initial turn.
The results for lesions of the Mauthner cell alone were somewhat more complicated. These ablations left latencies to head-elicited responses unchanged but resulted in a significant increase in latencies to tail-elicited responses (Figure 4, bottom) . However, the effects were not as robust as those obtained by killing the entire array. Figure 5 shows histogram plots of response la- 
Effects of Lesions on Maximum Turn Angle
The lesions had the least dramatic and consistent effects on the maximum angle of the initial turn (Figure 6 , strong conclusions regarding the affects of array lesions on turn angle. Photoablation of the Mauthner cell alone turn angle). Before the lesions, the average maximum turn angles in response to head-directed stimuli were had no effect on head-elicited responses but led to a small but significant (p ϭ 0.0268) decrease in angle for 128Њ; those to tail-directed stimuli were 112Њ. There was an asymmetry between the two sides before the lesion tail-elicited responses on the lesioned side as compared to the intact one. These results indicate that while the in one group (head stimuli in array lesions) that was likely a consequence of the labeling injection, since we Mauthner cell and its homologs may contribute slightly, the control of maximum turn angle can largely be deterdid not observe such asymmetries in uninjected fish. In animals in which all three homologs were killed, there mined independently of the Mauthner array. was a general, small decrease in maximum turn angle in escapes elicited from the lesioned side, but there
Effects of Lesions on Angular Velocity
The lesions had clear effects on the angular velocity of were not significant asymmetries between lesioned and unlesioned sides after killing cells ( Figure 6, turn angle; the turn ( Figure 6 , angular velocity), with the pattern of effects very similar to that seen for the latency of the Table 1 ). Because the array lesions did not produce both a change on the lesioned side and the development of response. Before the lesions, the average peak angular velocity of turns in response to head-directed stimuli a significant postlesion asymmetry, we could make no was 23.2Њ/ms; that to tail-directed stimuli was 21.8 ms.
ms) and tail-elicited responses (13.5 ms), with only small changes on the intact side. This produced a significant In the array-lesioned group, there was an asymmetry between the two sides in response to head stimuli prior asymmetry between the two sides after the lesion (Figure 6 , duration; Table 1 ). Photoablation of the Mauthner to lesions (likely due to the labeling injection), but the other prelesion results showed good symmetry between cell alone resulted in a smaller but significant (p ϭ 0.0048) increase in turn duration for tail-elicited resides before the lesion. Killing all three homologs led to a large, significant decrease in angular velocity (to sponses but had no effect on head-elicited responses. Again, the pattern of these changes was similar to those 13Њ-14Њ/ms) on the lesioned side for both head-and tail-elicited responses. There were smaller decreases seen for latency and angular velocity. in performance on the intact side after lesion that we attribute to nonspecific effects. However, the large Discussion change on the lesioned side led to the introduction of an obvious and significant asymmetry between the two We set out to evaluate the role of the Mauthner array in generating escape responses by examining the behavsides after the lesion ( Figure 6 , angular velocity; Table  1 stimulus missed the fish, the fish gave a premature response, or Injections were targeted to the ventral cord to selectively label the fish turned slightly on its side. Only responses that occurred Mauthner and its homologs without disrupting more dorsal sensory after the stimulus was deployed and in which the fish remained pathways. Since any injection would disrupt local circuits, injections upright throughout the initial bend were analyzed digitally. A miniwere also targeted to the most caudal part of the tail and all test mum of 20 trials were collected per fish (5 trials per quadrant). stimuli were given rostral to the injection site. After injection, the
In pilot experiments, we elicited escapes by using a glass probe fish were allowed to recover in 10% Hank's solution containing food driven by a piezoelectric device to abruptly touch the fish on the (cultured paramecia). Nine to ten hours later, the cell labeling was head or tail. This produced more robust differences in the form of verified under the confocal microscope. Between four to six of the the escapes to head and tail stimuli than the squirts, but because best-labeled animals were retained in 10% Hank's containing parathe taps were more traumatic to the fish we elected to use squirts mecia for behavioral trials.
to obtain the many trials needed for the lesion experiments. 10 min was usually necessary. The smaller homologs, probably damage to the cells during screening was reduced by minimizing because they contain less dye, required longer exposures of up to the illumination used and increasing the sensitivity of the system 12 min. We checked the region of the illumination to make sure (by opening the confocal aperture and increasing gain in the photothere was no evidence of general tissue damage immediately after multiplier). the ablation and 2 days later. Exposure for longer than 20 min could lead to tissue damage, so we limited the exposure to well below High-Speed Recording of Behavior that duration. Our attempts to use the minimal effective exposure Labeled fish were placed into individual petri dishes (3.5 cm) filled time might explain why not all of our lesion attempts were successwith 10% Hank's buffer at a depth of 3-4 mm. Escape responses ful. After exposure to the laser, the fish were transferred from agar were recorded with a high-speed camera that captures images digiinto a small petri dish of 10% Hank's buffer containing paramecia tally at 1,000 frames/s (EG&G Reticon, Sunnyvale, CA). At the same and allowed to recover overnight. Following postlesion behavioral time, a slow-speed video camera recorded the entire procedure. In trials, the animals were remounted for confocal microscopy in order this way, we could verify later which trials were retained digitally to verify the success of the lesions and check for peripheral damage. and the history of each trial. Escape responses were elicited by a measured pulse of water, delivered from a picospritzer (General Data Analysis Valve, Fairfield, NJ) through a syringe and 27 gauge needle cut blunt Several kinematic parameters of the initial turn of the escape were and bent to about 100Њ. In order to monitor the stimulus, fast green selected for analysis: the latency to its initiation (time from the contact of the pulse of water to the beginning of the bending movement), dye was added to the water at a concentration of 0.05 mg/ml. The
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